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/ hot &SR 2y GKS adzonadlyiaAtrf o02Re 2NT (12NEs INSRBI N
/ ha G2 NIAYSzZt | G A 2 ya Vahi{deRA RONBIRYFBANS YR STT2NI a4 @
Adigest of failure modes and associated effectiated to geologic storage of G®ascompiled
for this reportthrough synthesis of relevant sources o€lmical literature (reports, journal
articles, presentations), evaluation of NEPA environmental assessmawethénvironmental
impact statementselating to CCUS projects reviewed by D&igU.S. Environmental
Protection Agency (EPA) Underground Injection Control (UIC) permit applications (where
applicable) Threespecific potential failure modewere categorzedfrom this digest 1) lateral
containmentfailure, in whichfluid movement (i.e.CQ, native brine, or other native gases in
the storage reservoigxtends beyondhe boundaries of thestorage reservoior confining
caprock layer(sR) vertical containmentailure, where fluids are able to move upwards from
the storagereservoir to shallower formations or the atmosphere; 8)dnduced andriggered
seismidty resulting from Ce@injection-induceddisplacement alongew orpre-existing faultor
fractures Under each failure mode category, multiple causes may drisertain cases, a given
failure mode or modes, should they occur, could prompt the occurrence of another failure
mode (i.e., triggered seismic activity damaging an existing well, causing flow pathways for
vertical containment failure).

Any realized failure mode could result in adverse effects (depending on severity, which is not
discussed in this report) to human health or the environmdihireefailure effect categories
areaddressed in this reporil) contamination of underground sowes of drinking water

(USDW, 2) contamination of notdSDW resourceand 3) physicaldamage to surface
infrastructure and/ortopography
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b According to McGarr and Simpson [1997], induced earthquakes are commonly understo od as events where most of

the stress change released during rupture was produced by the human action, while triggered events release a
substantial amount of tectonic stress.
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1 INTRODUCTION
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integrated suite of technologig€Q capture, transport, and storagejithin the CCUS value
chain are beneficial to multipledustry types, including the power generation sector as well as
industrial and manufacturingrocessedike iron and stegplants oil refineries,cement plants,

ethanol production facilities, and petrochemical plarf#.
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In the United StategU.S.) the 45Q tax credit ia financial incentiventended to promote the

development and deployment of ©S technology and reduce €€missions into the

atmosphere The 45Q credit (Section 45Q of the Internal Revenue GGode | ®{ ® / 2 RS 2 n
Credit for carbon oxide sequestratiproriginated in 2008 through the Energy Improvement

and Extension Act. Section 45Q provides a tax cpetitonne of CQ, which can beclaimed by

a carbon capture projedbr storage project if appropriately transferredhen the CQis

securely stored througkither 1) storagein geologic formations, like oil fields or saline

reservoirs or 2ytilization,includingas a feedstock to pragte products like chemicals,

concrete, or fuels[16, 17]The 2018Bipartisan Budget Adhcluded arevamp of the tax credit

available undefection 45Q of the Internal Revenue Code. @heended Section 45@x credit
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expandthe value, duration, and eligibility of the credfts both CQ and carbon monoxide
The new provisions provide U8 projects withl) a new enhanced incentivie attract
investment,2) greater value for eactonne of CQ stored/utilized to help ose costto-revenue
gaps, and) additional flexibility to accommodate different business models across industry
types.[18, 19, 20JAs a result, there has bedmeightenedinterestfrom the private sectom
deploying additionaCCUS®apacity in the neaterm. [21, 22, 23]

TheU.S.Department of Energy (DOE) Ld&rograms Office (LP©an provide supplementation

to 45Q for projects intersted in CCUS secure financibBO helps projects implementing
emerging or firstof-a-kind energy technologies like CCUS by overcoming financial barriers via
guaranteed debt financing option$he modified 45Q tax credit can improve the certainty in

the revenue streams of new CCUS projects, thereby improving their ability to potentially secure
LPGguaranteed debt financing and prospective private sector equity investnigit23, 17]

In addition tosecuringfinancing, CCUS projedperators must evalu&candidate storage sites
for susceptibility to potential failure modes that coyddtentiallyresult in adverse effects to
humans, the environment, or infrastructuesnd comply with Enronmental Protection Agency
requirements under the Safe Drinking Water f8DWA) of 197#hcluding obtaining a permit
prior to operation Thepotential failure modesand the associateddverseeffectsassociated
with CQ storage will vary from one site to anotheitypically determined through sitgpecific
risk assessmentioweverjn general, there areertain types of failurenodesand associated
effectscommon to C@injection and storageegardlesf site- or regionatspecific conditions
that must beunderstood for futurestoragesite(s)
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1 Section 3:Potential FailureModesand Associated Effects to the Human Environment
Related to Onshore Geologic Storage of Lthis section includesanclusivelist of
potential failure modes, causes of failueed associateéffects on the human
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environmentrelated to geologic storagef CQ. This sectioralso identifies failure
prevention, detection, andnitigationapproaches antiest practicegor each potential
failure mode The information has been synthesized from relevant sources of technical
literature (reports, journahrticles, presentations), evaluation of environmental project
assessments relating to CCUS projects reviewed by BRIRJIC permit applications
(where applicable Additionally, his section evaluates and compares monitoring results
from select C@storage sites to the prediginsor forecasted conditions and impacts
madeprior to injection operations. fie discussiorfocuseson failure modesand

associated effectBom the injectionand longterm storageof CQ, not on effectsfrom
surface development activities or capture, compression, and transportation of CO

T {Séﬂwa?y?)\nﬁ)\zyl-f LaadzSa 2N /{20y BNGXEHMENE ¥ t dzo
aSOltA2y tAaGa |yR adzvavilNRS KRaf RN GFNG/Ra0 NN 3h
02N 3S 2LISHAG DS REIKOA MYFRNNF GAZ2Y Aa O2YLWKAES
a2dzNOSas AyOf dzZRAY 3  LINBKNIK RBzrT S LB @B A WwEl fLIN
Fa ¢Sttt a fSaaz2yaiblSENYBROGFIN2FYNAIK SLIded {{x O 2
ONRUGAOFE Ay O2Yy&ARBROYA2NE 2yl & KSOKd&WR Y LN
Ad LINPOARSR gKAOK O2YLI NBa (KSSQAYOESY li&SNBE
G2t dzyS GKFdG NBtFiSa G2 LINR2SOG AYLREDIaA 2v
02 Y Y SiyKil &y 2dm 2

cThe U. S. Environment al Protecti on Agency@ndergtofn® Iaj¢ctios @html (DG)i nki ng Wat e
program is responsible for the protection of underground sources of drinking water (USDW) from contamination by

regulating the construction and operation of injection wells, including those related to geologic CO 2 EOR and CO ;

storage operations (Class Il and Class VI wells). EPA is required to comply with the requirements of NEPA for many of its

R&D efforts, facilities construction activities, and National Pollutant Discharge Elimination System (NPDES) permits for new

sources. However, EPA is exempt from NEPA under the following statutes:

1 Section 511(c) of the Clean Water Act exempts most EPA actions under the Clean Water Act from the
requirements of NEPA

1 Section 7(c) of the Energy Supply and Environmental Coordinat ion Act of 1974 (15 U.S.C. 793(c)(1)) exempts all EPA
actions under the Clean Air Act from the requirements of NEPA

Therefore, these environment al reviews were completed by DOE, as EP/
environmental reviews unde r section 102(2)(C) and an alternatives analysis under section 102 (2)(E) of NEPA under a
functional equivalence analysis. [40]
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2 ONSHOREGEOLOGIC STORAGE OFCO 2 0 OVERVIEW
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OVERVIEW OF FAILURE MODES AND EFFECTS ASSOCIATED WITH @®OECTION AND

STORAGE OPERATIONS IN SALINE FORMATIONS

Exhibit2-1. Conceptualiagram illustrating storage of captured CGrom power-generating and industrial
sourcedn three diverse types obnshorestorage formation [27]
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OVERVIEW OF FAILURE MODES AND EFFECTS ASSOCIATED WITH@MOECTION AND
STORAGE OPERATIONS IN SALINE FORMATIONS

2.1 ONSHOREGEOLOGIC FORMATIONS FORC Q2 STORAGEOD SALINE
FORMATIONSFOCUS

Promising potential candidates for €sdorage are porouand permeableock formations that
hold or have previously held fluids placesuch as natural gas, oil, or brin§26] Storage
formation types that have generally been considered suitable candidates éogeCQ
storage are saline formations, depleted oil amaturalgas reservoirs, umineable coal seams,
basalt formations, and organrich shalesRelevantmformationon the latter four formation
typesas it relates to C&storage, as well as apshighlighting their spatial extent in North
America,s presentedn Appendix AOtherOnshore, Geologic Formatiokéthin North
America Aessed by NETEach of théormation types provide their own uniqubenefits and
potential challengesis CQstorage optionsFor examplegachformation type will have
different typical rangeand spatially varying patterrs permeability porosity, and rock pore
and surface characteristicorresponding tdormation depositional environmentand burial
history that impact how fluids flow througlor are trappedn, formations.[26]

Salineformations are deep, sedimentary porous and permeable rocks saturated with salty
water called brine that contains high concentrations of dissolved sdidsated total dissolved
solids in saline formationmakethe brine unsuitable for agriculture or human consumptitén
and would bedifficult and expensivéo treat for such applicationg28, 26]aline formations
providesuitable candidatefor CQ storagebecause they are widely dispersacross several
regions of North AmericafExhibit2-2) and offer vast storage capacitgtorage resource
estimates, caducted bythe National Energy Technology LaboratdWeT)land RCSPs for
saline formations irthe United States and parts of Canadage between 2,379 and 21,633
billion tonnes(gigatons [Gt})however, these estimates (calculated at the formation, basin, and
continent scales) arprospective and, as such, have significant associated uncertailsy,
practical constraints may impact the accessibility and ability to effectively witize ofthese
resources[4, 24]

Despite their substantial storage resource capacity, saline formations have not been as
extensively explored compared to oil and gas reserv{fi§.Regardlessaccording to Celia et
al. (2015), thébody of researclavailable to datempliesthat the processes involved wit@Q
injectionand storagento deep salindormationsare fairly well understood andthe associated
risks are manageable and not unusaaimparedto other analogoussubsurface activitieg35]

d Saline formations with greater than 10,000 parts per million total dissolved solids in the brine are not considered USDW as
per EPAD BIC Program; [40] USDW are protected by EPA & 8IC Program, as discussed in Section 2.2.
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Exhibit2-2. Map displaying the distribution ofsaline formations thatwere assessed by NETL under RESP
Initiative in parts of North Ameria [4]
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Exhibit2-3. Physicaland geochemical trapping mechanisms for ££orage in geologic formationsind the
relative contribution of each over time
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Used with permissiondm the Intergovernmental Panel on Climate ChafiB€C|28]

2.2 CO2 STORAGEREGULATORYPERSPECTIVE IN THENITEDSTATES
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requirements in 40 CFR Parts 144 and 146 of the  UIC Program of the SDWA, are not subject to Resource Conservation
and Recovery Act as a hazardous waste per 40 CFR § 261.4(h).
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Exhibit2-5. Typical stages andxpected typicatompletion timeframes for darge-scale C@storage project in
salinebearingformations
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undergo more
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Demonstrate
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Drill and complete
injection well(s)

Incorporate new
well data into
planning
documents; work
toward approval
for injection

Construct site
infrastructure,
including installing
monitoring wells
and equipment

Inject CQper
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UIC Class VI
permit

Monitor
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and
reevaluate
AoR extent
periodically
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required
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for both UIC
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Monitor site,
CQ plume,
and AoRper
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Implement
required
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Close and
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Maintain
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per potential
cost variation

Separate
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1Studies by Bacon et al. (2019) and Lackey et al. (2019) have found-biaseskmodeling that the majority of risk of
endangerment to USDW decreaseithin the first five years after G@njection operations end65, 66]Therefore, with robust
justification provided to UIC regulators, site operators may be permitted to implement alternatives to the defy@abBISC
under UIC Class VI permitslependent heavily on sitepecific conditions, the volume of G@jection,andthe specific
injection strategy and monitoring strategies

2The area of review (AoR) per 40 CFR § 146.6 is a region surrounding the injection well(s) where USDW may be endangered by

the injection activitymost notably due to pressures in the injection zone potentially causing the migration of the injection
and/or formation fluid into USDW
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2.5 BFFECTS OICO 2 INJECTION INTO THESUBSURFACE
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OVERVIEW OF FAILURE MODES AND EFFECTS ASSOCIATED WITH@MOECTION AND
STORAGE OPERATIONS IN SALINE FORMATIONS

Exhibit2-6. CQ plume and pressure front evolution over tinié9]

Note: (A)schematic of the timeevolution of a plume of CO(B)schematic of
the time evolution of a pressure plumand (Ckchematic of the time
evolution of a pressure differential predicted at a particular point in reservoir
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